An anomalous sequence in certain lentiviruses was found to be related to a region in a completely different part of the simian retrovirus type I (SRV-I) and its close relative, the hamster intracisternal A particle (IAP-1H18). The segment is not present in the human immunodeficiency virus (HIV), which is also a lentivirus, nor is it found in any one of a dozen other retroviruses whose sequences have been reported. These observations imply that a horizontal transfer of newly acquired genetic information has taken place between an SRV-I-type virus and one of the lentivirus type, and that this event occurred more recently than did the divergence of members of this latter group and HIV. Comparison of the viral nucleic acid sequences that encode these segments revealed the presence of imperfect direct nucleotide repeats resembling the retroviral endonuclease cleavage sites at the 5' and 3' ends of these regions.
During the course of a large-scale computer comparison of retroviral protein sequences, an unexpected sequence similarity was encountered between two rather distantly related groups of viruses. A segment located within the polymerase region of two lentiviruses-visna (1) and equine infectious anemia virus (EIAV) (2)-was not present at this position in any of a dozen other retroviruses and retrotransposons examined. The putative protein sequence was searched against a large protein sequence data base, and, surprisingly, the only sequence retrieved corresponded to another anomalous region adjacent to the protease of the simian retrovirus type I SRV-I (3). It was also present in the closely related hamster intracisternal particle IAP-H18 (4). The SRV-I segment had been noticed by Power et al. (3) , who suggested that it was the result of a tandem duplication of the protease gene. Inspection and alignment of these unassigned segments, which amount to about 130 amino acids each, leaves no doubt that the two sets are homologous. The generally accepted relationship of the viruses involved is such, however, that the relative locations of the segments are most readily explained by a horizontal gene transfer. Apparently a nucleic acid segment from one virus was excised and integrated into a different location in another quite distantly related one. The intrigue of these anomalous occurrences led us to inquire about the origin of the segment itself, as well as to ponder a mechanism of translocation and its structure-function consequences.
We began by aligning and comparing the two sets of anomalous segments themselves to find exactly how similar they are. That sequences were available from two different viruses in each case allowed us to measure how fast the segments were evolving relative to other retrovirus proteins. We also compared and aligned the proteases from the same viruses and then aligned these with the anomalous segments. As it happens, the question of whether the original extra segment was in fact the result of a tandem duplication is central to the whole issue.
We also aligned a number of other sequences including the various polymerase proteins-reverse transcriptase, ribonuclease H, and endonuclease sequences-from an assortment of retroviruses. These were used both for the construction of phylogenetic trees and for the delineation of the exact boundaries of the anomalous segments. Finally, we examined the nucleic acid sequences, as opposed to the amino acid sequences, of these regions in an effort to find clues to the mechanism of relocation. Indeed, the junctions of the segments involved contain direct sequence repeats that are similar to those found at the terminals of the retroviruses themselves.
In this article we provide a quantitative analysis of the relationship among the various protease-like segments and the authentic viral proteases and construct phylogenetic trees based on other more highly conserved viral gene products of representative retroviruses. The analysis points to horizontal transfer of genetic information. We also describe a simple model that explains how the relocation of the gene segment may have taken place. METHODS The computer used in this study was a DEC 11/730 VAX computer running the UNIX (Berkeley 4.3) operating system. The search program used a moving window of 40 residues and a table of weighted values taken from the Mutation Matrix of Dayhoff (5) . Binary amino acid sequence alignments were determined by previously described procedures (6) . Alignments and distance values for the phylogenetic trees were determined as described in Feng and Doolittle (7); nucleic acid comparisons were performed with the SEQH program of Goad and Kanehisa (8) .
The protein sequence data bases utilized were the 1986 version of NEWAT (9) and release 10.0 of the National Biomedical Research Foundation Atlas (10) . Nucleic acid sequences were taken from the 1986 version of GenBank* (Los Alamos National Laboratory). Additional retrovirus sequences utilized in this study are: the human T-cell leukemia viruses, HTLV-I (11) and HTLV-II (12), bovine leukemia virus (BLV) (13), Rous sarcoma virus (RSV) (14) , human immunodeficiency virus (HIV) (15) , and Moloney murine leukemia virus (Mo-MLV) (16 Fig. 1. The diagram is based on numerous published accounts providing evidence for the reading frames encoding various gene products, including the gag region, protease, polymerase, and envelope protein genes. We have divided the polymerase gene into three segments, including the experimentally identified endonuclease region, on the one hand, and the reverse transcriptase and ribonuclease H segments, on the other, the boundaries of which we recently proposed on the basis of sequence similarity to the Escherichia coli ribonuclease H (17). In the following discussion, for purposes of keeping track, the protease-like sequences from the simian virus and hamster particle are denoted "X1" and the equivalent but translocated segments in the two lentiviruses are denoted "X2" (Fig. 1 ). The authentic protease sequence segments previously identified in retroviruses (18) (19) (20) are denoted "P." Sequence Aligmments. Three different sets of amino acid alignment data were examined as an aid to understanding the proposed relocation event. First, the translocated segments in the lentiviruses (X2) were examined and found to share common ancestry with the simian virus and hamster particle protease-like segments (Xl) (Fig. 2) . The sequence resemblances are of the order of 30% ( subjected to a conventional jumbling test (6) , the authentic alignment scores were about 10 standard deviations above the mean score of the randomized comparisons (Table 1) .
Second, the viral proteases were compared among themselves to determine how similar they are to one-another and to ascertain whether or not the protease-like regions are changing faster than the proteases themselves, as might be expected if there were a relaxed selection after loss of function. As it happens, the segments appear to be changing at about the same rate as the authentic proteases, in both groups the "nearestrelative-similarities" being of the order of 35-40%o (Table 1) .
Finally, the degree of similarity between the authentic proteases (P) and the duplicated regions (X1 or X2) was considered. This was necessary both to establish that the new segments did in fact evolve by tandem duplication of a protease gene and to determine when that event might have occurred. In this regard, the extensive sequence divergence that has taken place among the protease and protease-like segments makes it impossible to obtain statistically significant scores by pairwise alignment. On the other hand, a multiple alignment of all the segments revealed that conserved remnants of their common heritage are still much in SLWGGQLCSSQQKQPISKLTRAT evidence (Fig. 3) . It should be noted that for all pairwise alignment combinations, the protease-like segments are more closely related among themselves than they are to any of the authentic viral proteases.
Phylogenetic Relationships. The horizontal nature of the transfer of the protease-like segment from a simian virus ancestor to a visna virus predecessor is graphically depicted on a sequence-based phylogenetic tree (Fig. 4B) . Two trees were constructed, one based on alignment of the reverse transcriptase sequences and another based on the endonuclease sequences. These two gene products are among the most conserved in retroviruses in general. The tree generated from the reverse transcriptase data is similar to the one published by Gonda et al. (21) in that the lentivirus branch order is: visna, HIV, and EIAV (Fig. 4A) . In contrast, the endonuclease-based tree produces a different branch order for the lentiviruses (Fig. 4B ). The differences in the two trees reflect the limits of accuracy inherent in current tree-building schemes when only a single gene product is used. Indeed, ancillary data are often needed to resolve such discrepancies. In this instance, the occurrence of the protease-like segment in visna and EIAV, but not in HIV, indicates that the endonuclease-based tree more accurately reflects the relationship for these three lentiviruses. Nucleic Acid Sequence Analysis. The relocation of a gene segment in one group of retroviruses to a distinctly different region in another group (Fig. 1 ) led us to compare the nucleic acid sequences directly-as opposed to the inferred amino acid sequences-in search of mechanistic clues. To this end it was necessary to define precisely the amino and carboxyl termini of the translated segments. Inspection of the ribonuclease H/endonuclease junctions from an assortment of retroviruses, on the one hand, and a comprehensive multiple alignment of their proteases, on the other, pinpointed the termini of the unassigned segments. Moreover, the amino terminus of the endonuclease of HIV (22) has been determined experimentally and is consistent with the expected location of the carboxyl termini of the relocated segments.
Comparison of the DNA sequences defined by the predicted amino and carboxyl termini and 50 nucleotides of additional flanking sequences to insure completeness revealed an intriguing set of similarities in the terminal regions (Fig. 5) . The boundaries of the duplicated segments (X1) and relocated segments (X2) were identified on the basis of the reported terminal sequences of adjacent genes. In this regard, the upstream sequence of visna and EIAV encodes the ribonuclease H (RH in Fig. 1 ) and the downstream region encodes the endonuclease (EN in Fig. 1 ). In SRV-I, the 
S L W G G QD C S S Q Q K Q P I S K L T R A®D P G S AG LO L S S T S H T V L T P E M G P Q
Multiple alignment of the duplicated segment (Xl) and translocated segment (X2) and the previously identified proteases. Identical residues between the segments (X1 and/or X2) and proteases (P) are circled. The lined residue clusters indicate the remnants common among the retroviral proteases (19, 20) . The sequences of the protease-like segments (X1 and X2) included are the same as those shown in Fig. 2 ; the protease sequences are numbered as follows: SRV-I, residues 164-300; IAP-H18, residues 121-255; visna virus (VISNA), residues 43-164; and EIAV, residues 85-207.
Biochemistry: McClure et al. upstream region is the beginning of the open reading frame that codes for both the putative duplication and the authentic protease; in IAP-H18 this region is the 3' end of the preceding open frame. In both of the latter situations, the downstream regions code for a protease (P) (Fig. 5 ).
An imperfect direct repeat sequence of 11-14 nucleotides is located at the ends of both the duplicated and relocated gene segments (Fig. 5) . It is defined by the trinucleotides CAG at the 5' end and TGG at the 3' end. The consensus sequence of these direct repeats is CAG(Nj)TAT(Nn)TGG (n = 0-5 nucleotides; N = an unspecified nucleotide); in all four cases examined, it falls at or within one residue of the predicted amino acid alignment data.
DISCUSSION
We have found that a gene segment located between the ribonuclease H and the endonuclease genes of visna and its close relative EIAV (Fig. 1) is related to a different region in SRV-I type viruses, itself thought to be the result of a tandem duplication of its protease gene (3) ( Table 1 and Fig. 2) . The notion that the segment originated as a tandem duplication is supported by its location and equivalent size, as well as by a multiple alignment of all the sequences involved (Fig. 4) that reveals remnants of the most conserved residue clusters found in retroviral proteases (19, 20) .
The functional significance of these protease-like segments is unclear. In either case the coding sequences are "in frame" with the adjacent genes and are not set off by terminator codons, indicating that the corresponding amino acids are not only expressed but are made as distinctly different parts of the retroviral polyprotein. Whether or not subsequent processing releases them as independent proteins remains to be determined. The fact that the protease-like segments are changing at about the same rate as the authentic proteases implies a genuine function independent of where the segment is located in the polyprotein.
The overall phylogenetic relationship of these retroviruses indicates that the presence of the protease-like region in the lentiviruses is the result of horizontal transfer of the corresponding gene segment (Fig. 4B) . Although a search of the protein sequence data base did not reveal any additional relationships, the duplicated segment is also present in the recently published sequence of human endogenous retrovirus (23) , another close relative of SRV-I. The segment will no doubt be found in other close relatives of both SRV-I and visna-type viruses. Significantly, the relocated segment is not found in HIV (Fig. 1) , indicating that the relocation event must have occurred after the divergence of HIV from the other lentiviruses (Fig. 4B ). The alternative possibility in which HIV lost the segment seems unlikely.
How the protease-like segment was horizontally transferred from its site of duplication to a nonhomologous region in another virus group is open to speculation. Classical homologous recombination cannot account for the translocation because the sequences surrounding the extra segments are not at all similar (Fig. 1) . Although nonhomologous recombination could conceivably have taken place, the presence of 5' and 3' direct repeats at the termini of the translocated segments suggests an alternative explanation: to wit, a mechanism similar to one proposed for the conservative transposition observed in some bacterial systems (24) .
The important point here is that the "direct repeats" are similar to the endonuclease cleavage sites (25) of the circular long-terminal-repeat junctions of retroviruses in that the invariant dinucleotides CA and TG are preserved on either side of the protease-like regions (Fig. 5) . The variation in the nucleotide number and composition between these dinucleotides is well within that generally found in the long-terminalrepeat junctions of retroviruses and retrotransposons. Given that an endonuclease was responsible for "freeing" the gene for the protease-like segment, how were the ends ofthe direct repeats regenerated at the new location? The mechanism UR ** ** ** ** P Fig. 6 
